In this study, the scuffing resistance of laser-textured (LT) H13 samples was investigated. Furthermore, thin copper and nanocomposite films were produced on some of the textured samples, which were later subjected to scuffing tests in a reciprocating wear test machine. Test results indicated that Cu and nanocomposite coatings can substantially enhance the scuffing resistance of H13 steel samples. The best scuffing resistance and the lowest friction coefficient were observed for the nanocomposite coating on as-received H13 samples. This coating could not be scuffed even at 1780 N normal load which was the maximum load available in this test machine. Furthermore, the presence of Cu within the dimples considerably improved the scuffing resistance of LT surfaces.
INTRODUCTION
To obtain more effective lubrication in various engine components, researchers have lately been exploring new engineering techniques to improve the surface conditions of these components. Laser surface texturing is one of these techniques that can create shallow dimples on sliding surfaces and hence expands the range of hydrodynamic lubrication [1, 2] . Because of the significant beneficial effect of such shallow dimples on friction and wear under lubricated sliding conditions, various mechanical components (including ring/liner assembly of engines, mechanical seals, and bearings) have been successfully textured, and significant improvements were achieved in the performance and durability of these components.
Scuffing is one of the major failure mechanisms in automotive engines and other mechanical parts operating under severe tribological conditions. Accordingly, the potential beneficial effects of laser texturing on scuffing under high speed and loading conditions need to be investigated. In the literature, the occurrence of scuffing has been associated with lubrication breakdown, wear particle and deposit formation, and steep temperature rise due to severe contact conditions [3] . Because the effective surface area for heat dissipation is significantly lower on dimpled surfaces than on un-dimpled surfaces, studying the scuffing behavior of laser textured surfaces becomes crucial.
EXPERIMENTAL
A reciprocating wear test ring was used to study the scuffing behavior of the test samples, which were machined out of the AISI H13 steel. Some of these samples were subjected to laser texturing, and some were subjected to further modification by the application of a pure Cu and a nanocomposite film. Both coatings were deposited using a magnetron sputter ion plating system. The nanocomposite coating was developed jointly by researchers at Argonne National Laboratory, Argonne/USA, and Istanbul Technical University, Istanbul/Turkey. To fill the dimples with Cu coating, the dimpled samples were coated with a thick Cu layer and then were polished so that Cu only remained within the dimples. Cu was expected to improve the dissipation of the heat that is generated under severe contact conditions. Since the thermal conductivity of Cu is high, this material can raise the scuffing resistance of the textured surfaces, acting as a heat sink.
Scuffing behavior of the samples was examined by changing the sliding speed at a constant loading while a 12.7-mm-diameter M50 ball was reciprocating over a 21-mm stroke length on the surface lubricated by a fully formulated synthetic oil. Sliding speed was varied from 1 Hz to 5 Hz in 1 Hz steps. The time interval of each step was 2 minutes. After reaching 5 Hz sliding speed, in case scuffing did not happen, the normal load was increased, and the above procedure was repeated at a different location with a different ball. For every load change, 
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new fresh lubricant was used. An abrupt increase in the friction coefficient was noted as the critical scuffing condition.
For quantification of the critical scuffing condition (critical load, speed, and friction coefficient), a contact severity index (CSI) was calculated for each sample using the formula given below:
where F is critical scuffing load in newtons, S is critical scuffing sliding speed in m/sec, and µ is friction coefficient shortly before scuffing.
RESULTS
The results of the scuffing tests are summarized in Figure  1 . As is clear, the H13 control sample scuffed rather fast at the lowest reciprocating frequency of only 1 Hz and a normal force of 890 N. The friction coefficient was about 0.1 right before scuffing. On the other hand, scuffing was observed at 1100 N normal load and 1 Hz reciprocating speed for the laser textured (LT) sample. The friction coefficient before scuffing was approximately 0.09. Although surface texturing decreased the friction coefficient even at higher loading, there was no significant beneficial effect of surface texturing on scuffing resistance of H13 subjected to reciprocating sliding. Because surface texturing reduced the total surface area and increased the macro-surface roughness, the amount of heat generated during sliding contact may have been significant on these dimpled surfaces, and the dissipation of this heat may have been hampered. Such a situation may, in turn, have resulted in premature scuffing of these surfaces. Filling dimples with a metal having high thermal conductivity (such as Cu) in our study was expected to solve this problem. Indeed, as shown in Figure 1 , filling of dimples with Cu considerably improved the scuffing resistance. Specifically, it took 1780 N load and 5 Hz reciprocating frequency to scuff this surface. Note that the friction coefficient before scuffing was 0.08, which is slightly lower than that of the LT sample.
As part of this study, we also investigated the scuffing behavior of a nanocomposite film produced on as-polished and laser textured surfaces. The friction coefficient of the nanocomposite coating changed between 0.75 and 0.06, depending on the test conditions as shown in Figure 1 . Furthermore, no scuffing was observed even at the maximum limit of the test ring. Optical surface profiles no sign of wear on the rubbing surface despite the fact that the substrate steel was plastically deformed. Furthermore, the coating did not come off or delaminate during the entire test. Although the nanocomposite coating could not be scuffed, the laser textured and nanocomposite film sample was scuffed at 1550 N and 5 Hz. The friction coefficient of the sample dropped to 0.08 as the speed went up to 3 Hz. Beyond this speed, it increased from 0.08 to 0.11 before the sample scuffed.
The contact severity indexes of the samples were calculated and are given in Figure 2 . According to this figure, the further modifications of the laser textured surfaces improved the scuffing resistance. Because the nanocomposite coating could not be scuffed even at the maximum limit of the test machine, it gave the highest scuffing resistance, including the lowest friction coefficient, 0.06. However, the contact severity index of the nanocomposite coating over the laser textured surface dropped to 2973 Nm/sec. On the other hand, this value is still high compared to the CSI values of the unmodified laser textured H13 and the base H13 samples. Their CSI values were 520 Nm/sec and 374 Nm/sec, respectively. The existence of Cu in the dimples increased the CSI value to 4800 Nm/sec. Thus, LT/Cu gave better scuffing resistance than H13 base, LT, and LT with nanocomposite coating. 
